The mammalian F-box protein Fbw7 and its Caenorhabditis elegans counterpart Sel-10 have been implicated in the ubiquitin-mediated turnover of cyclin E as well as the Notch͞Lin-12 family of transcriptional activators. Both unregulated Notch and cyclin E promote tumorigenesis, and inactivating mutations in human Fbw7 suggest that it may be a tumor suppressor. To generate an in vivo system to assess the consequences of such unregulated signaling, we generated mice deficient for Fbw7. Fbw7-null mice die around 10.5 days post coitus because of a combination of deficiencies in hematopoietic and vascular development and heart chamber maturation. The absence of Fbw7 results in elevated levels of cyclin E, concurrent with inappropriate DNA replication in placental giant trophoblast cells. Moreover, the levels of both Notch 1 and Notch 4 intracellular domains were elevated, leading to stimulation of downstream transcriptional pathways involving Hes1, Herp1, and Herp2. These data suggest essential functions for Fbw7 in controlling cyclin E and Notch signaling pathways in the mouse.
S
uccessful organismal development requires precise control of gene expression. The posttranscriptional control of protein abundance has recently emerged as an important aspect of developmental control. The capacity to rapidly stabilize or destabilize key regulatory proteins through the ubiquitinmediated proteolysis pathway is central to development. Ubiquitin is a 76-aa polypeptide added to cellular proteins in tandem chains as a means of targeting them for recognition and destruction by the 26S proteasome (1) (2) (3) . Polyubiquitination is the rate-limiting step in regulating protein stability and involves a three-step cascade of ubiquitin-transfer reactions. First, in an energy-dependent reaction, a ubiquitin-activating enzyme (E1) activates the ubiquitin and transfers it to a ubiquitin-conjugating enzyme (E2). The E2 acts in concert with a specificitydetermining component, E3, to transfer ubiquitin to the target protein. E3s are adapters that link the modular machinery of the E2 to specific substrates (3) . The largest and most versatile class of E3s is the Skp1 Cul1 F-box protein E3 ubiquitin ligases (SCFs). SCFs are themselves modular complexes that consist in mammalian cells of Skp1, Cul1, Rbx1, and one of a family of dual domain F-box proteins. Unique regions of the F-box protein confer its ability to bind to substrates, whereas the F-box motif docks with Skp1, which in turn binds to the Cdc53 (Cul) scaffold. By means of interaction with Rbx1, Cdc53 connects to the E1͞E2 portions of the pathway (4) (5) (6) (7) (8) (9) (10) .
Fbw7 (10, 11) is an F-box protein that facilitates the ubiquitination of both cyclin E and Notch in vitro (12) (13) (14) (15) (16) . In combination with cyclin-dependent kinase 2, cyclin E is a key regulator of the G 1 -to-S transition in mammalian cells. The deregulation of its expression is thought to be a critical step in the transition from a normal to a malignant cell (17) (18) (19) (20) (21) . HeLa cells depleted of Fbw7 by small interfering RNA show stabilized cyclin E (14) .
Consistent with this observation, a mutation was found in the Fbw7 gene in a cell line derived from breast cancer in which high levels of cyclin E were observed (15) . Loss of the fly Fbw7 homologue Archipelago resulted in overproliferation and increased cyclin E levels (13) . Finally, the SCF Fbw7 mediates the in vitro ubiquitination of cyclin E (14, 15) .
The Notch protein provides an evolutionarily conserved pathway for intercellular communication and cell fate decisions during metazoan development (22) . Notch is a large transmembrane receptor that undergoes three critical proteolytic processing events during its maturation and the elicitation of its downstream signals. A furin-like protease initially cleaves Notch into two fragments that heterodimerize to form the functional Notch receptor at the cell membrane. This form of Notch interacts with its DSL ligand (Delta, Serrate, Lag2) (23, 24) . Ligand-receptor interaction induces a series of modifications whereby a metalloprotease cleaves and releases the extracellular domain (25, 26) , whereas a ␥-secretase subsequently cleaves and releases the Notch intracellular domain (NICD) (27) (28) (29) . The liberation of the NICD enables its translocation to the nucleus, where it functions as a transcriptional regulator of C-promoter binding factor 1͞recombination signal binding protein J . Together, this complex activates the transcription of downstream target genes, among them the Hes and Herp families of basic helix-loop-helix transcriptional repressors (for review see refs. [30] [31] [32] [33] . After recombination signal binding protein J transcriptional activation, the NICD is destroyed by ubiquitin-mediated proteolysis. Genetic and biochemical studies in Caenorhabditis elegans demonstrate that SCF Fbw7 homologues facilitate the ubiquitination of the NICD (12, 16, 34) .
There are four mouse Notch genes, and they are expressed in partially overlapping regions of the developing and adult mouse (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . Mice defective in Notch signaling generally die in utero with a variety of embryonic defects, including vascular abnormalities, disorganized somitogenesis, defective hematopoiesis, and heart anomalies (47) (48) (49) (50) (51) (52) . Disregulated expression of the NICD has been shown to lead to tumors in mice and humans (42, (53) (54) (55) .
Here, we report the functional ablation of the mouse Fbw7 gene. Loss of Fbw7 results in embryonic lethality around 10.5 days postcoitus (ED10.5). Fbw7 Ϫ/Ϫ embryos exhibit retarded development, likely associated with an array of defects in vascular and hematopoietic development. They further exhibit defects in heart development, marked by the failure of complete atrial and ventricular chamber formation and maturation. We observe increases in the amounts of embryonic Notch 1 and Notch 4 ICD proteins as well as cyclin E proteins in Fbw7 mutant embryos and placentas consistent with the stabilization of these proteins in vivo. In contrast to the hypothesized role of Fbw7 in human cancer, Fbw7 heterozygote mice are phenotypically normal and have not shown spontaneous tumor formation up to 1 year of age.
Materials and Methods
Construction of the Fbw7 Targeting Vector and Generation of Fbw7 ؉/؊ Embryonic Stem (ES) Cells. We used the Recombination Cloning System to generate our construct to target the Fbw7 locus in ES cells (56) . AB2.2 129Sv ES cells were passaged and manipulated on feeder cells as described (57) . The targeting construct was linearized by PmeI restriction digestion and electroporated into ES cells. These cells were selected for 10 days in G418 (Invitrogen) and gancyclovir (kindly prescribed for research by Eric Tiblier, Smithville Regional Hospital, Austin, TX). One hundred ninety-two G418-, gancyclovir-resistant ES cell clones were screened by Southern blot after a HindIII digest of their genomic DNA. Twenty-two of these were found to contain the homologously recombined targeting construct with the distal loxP site intact. Two of these were further electroporated with either pCMV-CRE or pCMV-FLP and plated at low density (500-1,000 cells) on 10-cm feeder dishes. One hundred ninety-two clones were picked from each electroporation and screened by PCR. No clones in which Flp-mediated recombination could be detected were recovered, whereas 22 of 192 clones that were discovered to contain Cre-mediated excision were recovered, and four were injected into C57BL͞6 blastocysts, giving rise to 16 chimeric males. These were backcrossed to C57BL͞6 females to generate F1 Fbw7 ϩ/Ϫ animals, and one transmitted the desired allele to his offspring. All genotypes were verified by Expand Long Template PCR (Roche Molecular Biochemicals) from tail DNA prepared according to standard protocols (57) . PCR primers were as follows: Fbw7 no. 1, 5Ј-GGACATAGTTCAGT-GCTAACCCGAG-3Ј; Fbw7 no. 2, 5Ј-GCTAGGACTACTGC-ATTTCAGTGGC-3Ј; Fbw7 no. 3, 5Ј-GCACAGCCCAGTAT-CTGGGCCAAGC-3Ј; Fbw7 no. 4, 5Ј-CCCTGAGAGTGGCA-TCTCGAGAACC; Fbw7 no. 5, 5Ј-CCCTGGCTTAGCATAT-CAGCTATGG; Fbw no. 6, 5Ј-GCTGCAAACTCATAGTGA-GAATCATGG-3Ј.
Histology and Immunocytohistochemistry. Embryos in the maternal decidua were fixed in 10% buffered formalin overnight at 4°C. Fixation was followed by dehydration in an ethanol series before paraffin embedding and sectioning. Antibodies used were cyclin E (M20, Santa Cruz Biotechnology), platelet endothelial cell adhesion marker 1 (Pharmingen), and Ki67 (Oncogene).
Whole Mount in Situ Hybridization. Embryos at ED9.5 were fixed in MEMFA (0.1M Mops, pH 7.4͞200 mM EGTA, pH 8͞100 mM MgSO 4 ͞3.7% formaldehyde) for 2 h at 24°C, then washed in ice-cold PBS, dehydrated in methanol series, and stored in 90% methanol at Ϫ20°C. Probes against cardiac actin and atrial natriuretic factor (58) and Nkx2.5 (59) were used as described. RNA was isolated from embryos at ED10.5 and ED9.5 by using the RNAqueous micro kit (Ambion, Austin, TX). Reverse transcription (RT) was performed using the Message Sensor kit using 400-800 ng of mRNA per reaction (Ambion). Real-time PCR was performed on the reverse-transcribed samples using SYBR Green PCR Master Mix (Applied Biosystems). RT reactions in which no reverse transcriptase had been added served as a monitor for the efficiency of the DNaseI digestion. All reactions were carried out in triplicate. The fold difference in various transcripts was calculated by the ⌬⌬CT method using GAPDH as the internal control, and we assigned wild-type values as 1. For every reaction, we observed a single peak on the dissociation curve plot. Primer sequences were as follows: cyclin E-F, 5Ј-CAGAGCAGCGAGCAGGAGA-3Ј; cyclin E-R, 5Ј-CAGCTGCTTCCACACCACTG; Notch1-F, 5Ј-CTCAGCAT-GTGCAGAGTCTACTACC; Notch1-R, 5Ј-GAGAAGTACT-CCCAAGGCCCA; Hes1-F, 5Ј-CTCCTCGCTCACTTCG-GACT; Hes1-R, 5Ј-TAGCAGTGGCCTGAGGCTCT-3Ј; Herp1-F, 5Ј-CCGCAGCCTCCAGTCCT-3Ј; Herp1-R, 5Ј-TGT-CCCCCAGGGTTGGT-3Ј; Herp2-F, 5Ј-GCCTGCACTTAG-CAGCCCT-3Ј; Herp2-R, 5Ј-ACGCAGGTCGACACTGGTG-3Ј; GAPDH-F, 5Ј-TGTACCGTCTAGCATATCTCCGAC-3Ј; GAPDH-R, 5Ј-ATGATGTGCTCTAGCTCTGGGTG-3Ј.
Western Blotting. Embryo and placenta protein at ED10.0 was prepared and immunoblotted as described (60) . Antibodies used to detect blotted proteins were as follows: anti-cyclin E (M20, Santa Cruz Biotechnology), Notch1 ICD (Cell Signaling Technology, Beverly, MA), Notch3 ICD (Upstate Biotechnology, Lake Placid, NY), p107 (Santa Cruz Biotechnology) and Notch4 ICD (Upstate Biotechnology). Quantification was carried out using NIH IMAGE 1.61 software, normalizing all values for cyclin E intensity to the respective indicated loading controls.
Results

Generation of Fbw7 Targeting Construct and Fbw7
؉/؊ Mice. We used the Recombination Cloning System to generate the mouse Fbw7 targeting construct (56) . We selected exons 5 and 6 for deletion ( Fig. 1 A and B) . Because these exons contain the F-box of Fbw7, this mutation would compromise all F-box-dependent functions in vivo. We electroporated this construct into ES cells. Of 192 clones examined by Southern blot hybridization and PCR, 22 were found to include the homologously targeted integrand, including the 3Ј distal lox site and the 5Ј organization of the genomic locus intact ( Fig. 1 A, C, E, F, and G). Two were chosen for subsequent electroporation with either a Cre-or a Flpencoding plasmid. Cre-mediated recombination was expected to delete the region between the lox sites and generate a loss of function allele for Fbw7 (Fbw7 Ϫ ) ( Fig. 1D) , whereas Flpmediated recombination should delete the neomycin reporter and render a conditional ''floxed'' allele. We did not observe any Flp-mediated recombination in 192 lines screened after electroporation and thus were unable to generate a conditional allele. Of 192 lines screened from the Cre electroporation, 22 exhibited the predicted recombination between the lox sites (8.7%), and four were injected into C57BL͞6 blastocysts ( mice were detected, suggesting that homozygous loss of Fbw7 causes embryonic lethality (Table 1) . To ascertain the timing and nature of the lethality, we studied the morphology of embryos from timed Fbw7 ϩ/Ϫ intercrosses. Genotypes were confirmed by PCR of yolk sac DNA preparations (Table 1 and Fig. 1I ). Embryos harvested on ED8.5 or earlier are indistinguishable on gross inspection from their wild-type littermates ( Fig. 2 A and B versus D and E). Gross inspection confirmed that the allantois connects to the chorion (data not shown). By ED9.5, however, Fbw7 Ϫ/Ϫ embryos appeared appreciably smaller and developmentally delayed. In many cases, neural tube closure is incomplete. All Fbw7 Ϫ/Ϫ embryos at ED9.5 displayed grossly underdeveloped fore-, mid-, and hindbrain regions (Fig. 2 C and F) . Fbw7
embryos do complete axial rotation and initiate branchial arch and anterior limb bud development successfully ( Fig. 2 B and C) . At ED10.5, Fbw7 Ϫ/Ϫ embryos were Ϸ60% the size of their normal littermates, indicating a substantial developmental delay (data not shown). Because no live embryos were observed past ED10.5, we infer that Fbw7 Ϫ/Ϫ embryos die around this time.
Fbw7 Is Required for Normal Heart Morphogenesis. The heart is the first organ to form during embryogenesis. During normal heart development, the linear, symmetric heart tube undergoes a left to right looping at ED8.0, which establishes the positions of the future heart chambers. Subsequent to looping, the respective heart chambers form by ballooning out from the linear heart tube along the outer curvature (61, 62) . Although Fbw7 Ϫ/Ϫ embryos formed a looped, contractile, linear heart tube by ED8.5, there were subtle delays in ventricular maturation ( Fig.  2 B and E, white arrowheads) . At ED9.5, chamber formation along the entire length of the linear heart tube appeared delayed ( Fig. 3 
A-D versus E-H).
In Fbw7 ϩ/ϩ embryos, the maturation of the left ventricle typically resulted in a thick bulbous chamber at the ventral curvature of the looped heart tube. In Fbw7 Ϫ/Ϫ hearts, only a poorly demarcated ventricular structure is produced ( Fig. 3 A and B versus E and F) . Furthermore, when normal hearts have completed a clear morphological demarcation between atrium and ventricle, Fbw7 Ϫ/Ϫ linear hearts appeared thickened along the entire length of their in-flow tract, and distinct atrial and ventricular chambers were not evident ( Fig. 3 E and F) . Finally, in half of the mutant embryos, we observed delayed right ventricular maturation ( Fig. 3 C and D  versus G and H) . The bulbo-ventricular groove between the right and left ventricle was absent, and outflow tract looping and growth were affected. At ED10.5, these differences were more pronounced ( Fig. 3 K and L) . Although the wild-type heart has all four future heart chambers and is ready to engage in septation, the Fbw7 Ϫ/Ϫ animals never differentiate ventricular or atrial structures and exist as thickened looped tubes, devoid of chamber formation. Still, the hearts of Fbw7 Ϫ/Ϫ embryos maintain contractility at ED10.5.
To further characterize the specificity of the chamber formation defects, we performed whole-mount in situ hybridization using the markers cardiac actin, Nkx2.5, and atrial natriuretic factor. We observed no difference in the expression pattern or intensity of cardiac actin in hearts at ED9.5, indicating an intact commitment to cardiomyocyte cell lineage in the absence of Fbw7 (data not shown). The expression of Nkx2.5, a core cardiac transcription factor, appeared during early cardiogenesis in Fbw7 Ϫ/Ϫ embryos, but reduced Nkx2.5 expression was evident in the future left ventricle region, (Fig. 3 A and I versus E and J) . In parallel with this, we observed reduced expression levels of the Nkx2.5-dependent ventricular atrial natriuretic factor transcripts in Fbw7 Ϫ/Ϫ hearts (data not shown). These results suggest that, whereas the cellular commitment to cardiogenesis occurs normally in Fbw7 Ϫ/Ϫ hearts, specific molecular and morphogenetic events contributing to the formation of the respective chambers do not occur.
Fbw7 Is Required for the Formation of a Functional Vasculature.
Fbw7
Ϫ/Ϫ yolk sacs are indistinguishable from their wild-type littermates at ED8.5 (data not shown). At ED9.5, however, significant differences emerge. Fbw7
and Fbw7 ϩ/Ϫ embryos at ED9.5 form a mature yolk sac vasculature replete with both large and small vessels and dense blood islands (Fig. 4A) . The Fbw7 Ϫ/Ϫ yolk sac appeared pale, and, although a primary vascular plexus forms and partial remodeling in some areas does occur, it is incomplete and disorganized (Fig. 4D) . In general, the Fbw7 Ϫ/Ϫ yolk sac vasculature appears as a homogeneous meshwork of vessels of uniform diameter (Fig. 4D , white arrowheads). Furthermore, we observed a paucity of blood cells in both the Fbw7 Ϫ/Ϫ embryos and their yolk sacs (Fig. 4 A versus D) . We confirmed these results histologically. Whereas wild-type animals had a rich vascular network with both large and small vessels, Fbw7 Ϫ/Ϫ animals had reduced vessels and nucleated blood cells (compare Fig. 4 B and C with E and F).
These vascular and hematopoietic defects extended to the embryo as well. We observe a reduction not only in the number of blood cells in the embryo but also in the density of well organized small-diameter vasculature. This difference was most evident in the capillary beds underlying the neural tube. Here, platelet endothelial cell adhesion marker 1 staining in Fbw7 ϩ/ϩ embryos reveals a rich vascular network bathing this tissue (Fig.  4 G and H) . In contrast, Fbw7 Ϫ/Ϫ embryos lack such well organized vessels along the entire length of their neural tubes (Fig. 4 I and J) . Although they did possess remnants of micro- vasculature (Fig. 4J) , these vessels appeared neither well organized nor well developed, and they did not contain any substantial nucleated blood cells compared with their wild-type counterparts. Thus, the loss of Fbw7 results in a wide array of hematopoietic and vascular defects in both the extraembryonic yolk sac and the embryo proper.
Increased Expression of NICD and Notch-Dependent Targets in
Fbw7 ؊/؊ Embryos. A number of studies directly demonstrated the involvement of the SCF Fbw7 complex and its homologues in C. elegans in mediating the ubiquitination-dependent turnover of the NICD (12, 16) . To examine these in vivo during development, we analyzed embryos at ED10.0 for the expression of NICD family members. In blots from whole embryo lysates, we observed a substantial increase in the amount of the NICD1 as well as NICD4 in Fbw7 Ϫ/Ϫ embryos compared with their wild-type littermates. In contrast, Notch 3 did not appear to be affected (Fig. 5A ). NICD4 appears to be increased even in the Fbw7 To determine whether the increase in NICD protein levels in Fbw7 Ϫ/Ϫ embryos was due to increased transcription of Notch 1, we used quantitative, real-time RT-PCR on analogous samples. This analysis confirmed that the differences observed for NICD1 was not due to higher Notch1 mRNA, which was actually 2-fold lower in Fbw7 embryos exerted any biological consequence by assessing the levels of the known NICD1 targets Hes1, Herp1, and Herp2 (32) . Hes1, Herp1, and Herp2 mRNAs were 2.1-, 2.1-, and 2.5-fold more abundant, respectively, in Fbw7 Ϫ/Ϫ embryos at ED9.5 than in their wildtype littermates (Fig. 5C ). This finding is consistent with our hypothesis that the increased levels of NICD in Fbw7 Ϫ/Ϫ embryos profoundly impacts developmental pathways in the form of deregulated expression of critical developmental regulators Hes1, Herp1, and Herp2.
Cyclin E Levels Are Increased in Fbw7 ؊/؊ Placentas. The SCF has been implicated in the in vivo destruction of cyclin E (14, 15, (63) (64) (65) . To test whether these relationships held during mammalian development, we analyzed protein extracts from embryos at ED10.0 and their placenta for levels of cyclin E. There was a 2-to 3-fold increase in cyclin E abundance in Fbw7 Ϫ/Ϫ placental lysates (Fig. 6 B and D) . Real-time, quantitative RT-PCR analyses of analogous Fbw7 Ϫ/Ϫ and wild-type littermates showed no significant change in the abundance of cyclin E mRNA in Fbw7 Ϫ/Ϫ placentas (Fig. 6C) . In contrast, Fbw7 Ϫ/Ϫ embryos displayed a 3-fold reduction in cyclin E protein levels (Fig. 6 A  and D) ; however, they showed an 8-fold reduction in the abundance of cyclin E mRNA in Fbw7 Ϫ/Ϫ embryos (Fig. 6C) . Quantification of the amount of cyclin E protein versus mRNA shows a 2.7-fold increase in Fbw7 ( Fig. 6E) . These results suggest an in vivo stabilization of cyclin E in the absence of Fbw7 (Fig. 6E) .
To assess which cells might contain increased cyclin E, we used immunocytohistochemistry to analyze the placentas of wild-type and Fbw7 Ϫ/Ϫ embryos. We observed cyclin E expression in Ͼ90% of the Fbw7 Ϫ/Ϫ trophoblast giant cells versus 50-60% of these cells in their wild-type littermates (Fig. 7 A and C versus  7 B and D) . This correlated with an increased number of giant cells undergoing DNA synthesis (data not shown).
Discussion
The mammalian SCF Fbw7 is an E3 ubiquitin ligase that previously has been implicated in the control of cyclin E and Notch ubiquitination in vitro. Although biochemical evidence and cell culture studies supported these implications, no mammalian studies had been performed in vivo to establish the organismal role of Fbw7. Here, we investigated the in vivo role of Fbw7 through targeted disruption of the mouse Fbw7 locus. We find that Fbw7 is essential for mouse development, establishing a critical role for the control of Fbw7 substrate levels in development.
Loss of Fbw7 results in midgestational embryonic lethality, likely arising from defects in cardiovascular and hematopoietic development. Hematopoiesis is compromised in Fbw7 embryos often showed defective somitogenesis. We think it likely that the defects in hematopoietic and vascular development are the primary consequence of Fbw7 deletion and compromise the function of the yolk sac placenta, the effects of which are further exacerbated by the vascular defects in the embryo proper. Mice lacking various elements in the Notch signaling pathway show severely impaired vascular and hematopoietic development (31, 38, 50, 51, 66) . Although Fbw7 mutants exhibit increased Notch signaling, it is possible that correct development requires the proper balance of Notch signaling.
Although not apparent until ED9.0, the defects in hematopoietic and vascular development impose nutritional stress on the embryo. Any developmental defects that occur later may be intrinsic to Fbw7 loss or indirect due to nutritional stress. Although we cannot rule out that the observed heart defects occur secondarily to nutritional stress, we feel that the defects in cardiac chamber formation are likely to be directly due to Fbw7 loss. First, we observed defects in left-sided heart development in every mutant embryo at ED9.5 we analyzed. Additionally, we observed subtle delays in heart chamber formation even by ED8.5, at which point no other obvious indication of nutritional stress existed. The formation of the right ventricular chamber occurred slightly later than that of the left chamber and thus could be more susceptible to nutritional stresses. Interestingly, there were many occasions in which the left ventricle failed to mature but the right side and outflow tract appeared normal. We believe that if the nutritional stress were of sufficient magnitude to block the slightly earlier development of the left heart, one might expect that the subsequent development of the right side of the heart would invariably be impaired. Because this is not always the case, we feel this further argues that the left-sided heart defects are a direct consequence of Fbw7 impairment. Finally, both Fbw7 (11) and its substrate Notch 1 (refs. 11, 66 , and 67 and data not shown) are expressed in the mouse heart. This is consistent with the idea that the reduced capacity of Fbw7 Ϫ/Ϫ embryos to temporally control Notch signaling affects normal cardiac development. In accordance with this is the finding that both Notch and its cognate binding partner recombination signal binding protein J are capable of suppressing cardiomyogenesis (68, 69 (12, 16 ). Although it is not possible to demonstrate stabilization of NICD in the absence of Fbw7 in vivo, we have shown an increased abundance of the NICD1 and NICD4 proteins without increased transcription of their respective genes. Thus, our results are consistent with the stabilization of the NICD by means of reduced ubiquitination. In support of the observed increase in NICD levels, we observed increases in the expression of Notch-activated transcripts Hes1, Herp1, and Herp2 in Fbw7 Ϫ/Ϫ embryos. Thus, the increased NICD1 signals serves to alter the levels of gene expression in Fbw7 Ϫ/Ϫ embryos. A number of studies have shown that unchecked Notch signaling wields deleterious effects in the developing embryos (40, 70) . Given this critical role played by Notch signaling during development, the observed increase in signaling in Fbw7 mutants is likely to contribute in a causative manner to the vascular defects observed in Fbw7 Ϫ/Ϫ embryos and extraembryonic tissues.
Fbw7 Negatively Regulates Cyclin E During Development. In Fbw7
Ϫ/Ϫ placental lysates, we observe an almost 2-fold increase in cyclin E levels that cannot be accounted for by increased transcription of cyclin E. Previous studies implicating the SCF complex in cyclin E destruction in which Cul1 was deleted demonstrated an increased abundance of cyclin E and increased DNA synthesis in trophoblast giant cells of the placenta (64, 65) . Our results are consistent with these findings, because Fbw7 Ϫ/Ϫ giant cells exhibit elevated levels of cyclin E and increased DNA synthesis. Overexpression of cyclin E in cell culture has been shown to enhance the rate of transit into S phase (71, 72) . It is unclear whether the alterations in the cyclin E levels of Fbw7 Ϫ/Ϫ giant cells affect their biology to the extent that placental function is compromised. Placentation appears otherwise normal in Fbw7 Ϫ/Ϫ embryos.
Fbw7 Ϫ/Ϫ embryos did not demonstrate a gross increase in cyclin E. Instead, we observed a consistent 2-to 3-fold decrease in the protein levels in these embryos. However, cyclin E mRNA levels are almost 8-fold lower than their normal counterparts. Thus the ratio of cyclin E protein to its mRNA is elevated 2.7-fold in the mutant versus the wild-type embryo (Fig. 6E) . Taken together, these data are consistent with the stabilization of cyclin E, masked by the overall reduction in cyclin E transcription in Fbw7 Ϫ/Ϫ embryos. It is unclear why cyclin E mRNA is expressed at lower levels in Fbw7 Ϫ/Ϫ embryos. It is possible that constitutive Notch signaling, Notch downstream targets, or some other unidentified substrate of the SCF Fbw7 affects the transcription of cyclin E. Nonetheless, given the differences between relative protein levels and relative mRNA levels, we favor the interpretation that, as in Fbw7 Ϫ/Ϫ placental tissue, stabilization of cyclin E occurs in Fbw7 Ϫ/Ϫ embryos. Fbw7 has been proposed to be a tumor suppressor. A number of studies have implicated the unregulated expression of both cyclin E and the NICDs in tumors (17, 18, 42, 53, 55) . However, we did not observe tumor formation in Fbw7 ϩ/Ϫ animals up to 12 months of age. It is possible that these animals will display increased tumorigenesis later in life, or loss of both alleles of Fbw7 in adult tissues may be required to reveal a role in tumorigenesis. The ablation of Fbw7 in adult tissues could be accomplished by a conditional allele of Fbw7 or small interfering RNA. Given the established role of Fbw7 in control of known oncogenes combined with the relatively strong data implicating it in human tumorigenesis, we suspect that loss of Fbw7 will contribute to cancer in mice under the proper conditions, such as combining it with known oncogenes or carcinogen treatments.
These studies have demonstrated that Fbw7 plays an essential in vivo role in the control of the levels of critical developmental regulators. We demonstrated Fbw7 control of three such regulators, cyclin E, Notch 1, and Notch 4. Their deregulation may explain several of the phenotypes observed in Fbw7 Ϫ/Ϫ animals. Furthermore, it is likely that other substrates will be found that might also contribute to the developmental defects observed in these mice. Because the embryos from these mice persist long enough to obtain proteins, the validity of future Fbw7 substrates can be tested using these animals. It is our hope that, in the future, these mice will be able to contribute to a mouse model for cancer caused by loss of human Fbw7.
